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Solution  Characterization  of  Poly(isobornyl  Methacrylate) 
in  Tetrahydrofuran 
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Thermodymamic  and  hydrodynamic  propertiea  of  dilute  elutions  of  poly  ( isobomyl  meth¬ 
acrylate)  (PIMA)  in  tetrahydrofuran  (TliF)  were  characterized  by  usin(  viscosity,  static, 
and  dynamic  light  scattering  meaaurementa.  PIMA  samples  with  different  molecular  weight 
were  obtained  by  fractional  precipitation  of  PIMA  solution.  Chain  dimension  parameters 
(Rg  and  Rh)*  together  with  second  viria)  coefficient  Ai  and  intrinaic  viacosity  [it],  were 
uaed  to  calculate  various  solution  parameters  characterizing  polymer  chains  in  polymer 
solutions.  The  experimental  results  are  compared  with  calculation,  indicating  that  PIMA 
behaves  as  a  flexible  coil  in  THF.  C)  1994  John  Wiley  A  Sons.  Inc. 

Keyword*: 


Accesion  fo' 
NTIS 

DTIC  1^.- 

JuStitiCj’Jv 

By. . 

Distributic  ' 


\A-I  1-0 


INTRODUCTION 


tcUciiiwn, ,  SuArxm* ,  ( itebmyri 

^  msA  J _ _ _  *j..j  u..  _ Tjr« _ 


Amorphous  atactic  poly  (methyl  methacrylate) 
(PMMA)  la  currently  used  for  fiber  optica  appli¬ 
cations,  due  to  its  transparency  in  the  visible  region. 
Because  of  its  glass  transitioii  temperature  of  ca. 
1(X>‘C,  PMMA'a  fiber  optics  applications  are  limited 
to  about  80°C.  However,  by  replacing  methyl 
in  the  ester  group  with  isobomyl,  one  obtains 
poly  (isobomyl  methacrylate)  (PIMA),  which  has 
a  considerably  higher  T,  ( »  150°C).  PIMA  is  heat 
resistive  and  also  exhibits  superior  optical  trans¬ 
parency.  It  presents  an  alternative  choice  for  a  va¬ 
riety  of  fiber  optics  applications.  We  have  in  recent 
years  carried  out  extensive  investigations  of  optical 
and  mechanical  properties  of  PIMA  and  of  PIMA/ 
PMMA  copolymers.  Results  of  this  research  will  be 
published  elsewhere.  In  this  communication  we 
present  solution  characterization  data  of  PIMA  by 
static  and  dynamic  light  scattering,  and  by  viscom- 
etiy  and  size  exclusion  chromatography  ( SEC ) . 

EXPERIMENTAL 

Polydaobomyl  methacrylate)  was  prepared  by  a 
standard  &ee  radical  polymerization  procedure.  Pure 

*  To  wbon  eormpondenc*  should  be  eddreMcd. 
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IMA  monomer  was  provided  by  Rohm  &  Hass  Co. 
It  was  purified  by  vacuum  distillation  to  remove  in¬ 
hibitor.  An  equal  amount  of  purified  IMA  was  placed 
in  each  of  several  test  tubes;  with  0.2  wt  %  of  benzoyl 
peroxide  initiator  added  to  each  tube.  Test  tubes 
containing  monomers  and  initiator  were  flame  sealed 
and  placed  in  an  oven  for  controlled  polymerization 
by  a  gradual  temperature  increase  of  10°C  every  24 
h,  raising  from  40*  to  160'C.  Transparent  rods  free 
from  the  presence  of  monomer  were  obtained  after 
12  days  of  polymerization.  After  completion  of  the 
polymerization  process,  narrow  molecular  weight 
distribution  fractions  of  the  polymer  <  1.13 ) 

were  obtained  by  fractional  precipitation  from 
tetrabydrofuran-water  (THF-HjO)  mixtures  at 
25'C.  Here  A?,  and  are  weight-  and  number- 
average  molecular  weights,  respectively.  Several 
synthesized  PIMA  rods  were  dissolved  in  THF  in  a 
vessel  to  yield  a  solution  containing  about  3  wt  % 
of  PIMA.  The  PIMA/THF  solution  was  subject  to 
vigorous  agitation  in  a  constant  temperature  bath 
kept  at  22°C.  Nonsolvent  (water)  was  then  slowly 
added  in  a  dropwise  manner  to  the  solution  until 
the  solution  began  to  turn  milky.  A  specifled  amount 
of  water  was  then  added  to  precipitate  the  fraction 
of  PIMA  with  the  highest  molecular  weight.  To  col¬ 
lect  the  PIMA  precipitate,  we  stopped  the  agitation 
and  keep  the  milky  solution  for  several  hours  until 
the  clear  solution  is  separated  from  the  precipitate. 
The  precipitated  PIMA  was  first  separated  by  si- 
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phoning  off  the  clear  solution  and  appeared  as  slurry 
after  most  of  the  clear  solution  was  siphoned  off. 
THF  was  then  added  to  dissolve  the  PIMA  slurry 
before  a  large  amount  of  nonsolvent  ( HjO )  was  fi¬ 
nally  added  to  precipitate  most  of  the  PIMA  polymer 
which  appears  as  solid  powder.  The  powder  was  col¬ 
lected  on  a  glass  filter  and  dried  at  50°C  in  vacuum. 

To  obtain  the  next  weight  fraction,  the  super¬ 
natant  liquid  was  treated  with  another  specified 
amount  of  nonsolvent;  the  procedure  described 
above  was  repeated  to  obtain  the  next  highest  mo¬ 
lecular  weight  fraction  of  PIMA  polymer.  Sev  >ral 
weight  fractions  of  PIMA  were  obtained,  we  ended 
up  with  a  larg'  amount  of  supernatant  liquid  con¬ 
taining  PIMA  with  small  molecular  weight  fraction. 
The  solution  was  then  concentrated  to  a  convenient 
volume  under  reduced  pressure.  The  final  fraction 
was  obtained  by  evaporating  the  supernatant  liquid 
to  dryness.  The  SEC  measurements  were  used  to 
determine  the  polydispersity  index  ( of  each 
weight  fraction  obtained  above.  For  this  a  total  of 
0.S  lit,  of  each  sample  at  a  concentration  of  approx¬ 
imately  0.1%  by  weight  of  PIMA  was  injected  onto 
a  tingle  silica  gel  column  (Waters  Co.)  using  THF 
(at  25*0  as  the  mobile  phase  and  a  differential  re- 
fractometer  as  the  concentration  detector.  The  Sow 
rate  was  0.5  ml/min.  Waters  p-Bondagel  column 
was  used.  The  optimum  molecular  weight  range  for 
this  coluizm  is  from  2,000  to  2  X  10*.  The  column 
was  calibrated  with  a  series  of  narrow  distribution 
polystyrene  standards.  Calculations  of  average  mo¬ 
lecular  weights  and  polydispersity  were  carried  out 
by  using  a  program  provided  by  Waters  Co.  ( Waters 
730  data  processor).  While  the  value  of  molecular 
wei^t  obtained  from  SEC  may  be  affected  by  the 
polymer  standards  used,  the  polydispersity  index  will 
be  only  slightly  affected  by  the  standards. 

Dilute  solution  viscosities  were  measured  with  a 
Cannon  Ubbelobde  viscometer  equipped  with  a 
timer.  The  flow  timet  were  chosen  in  such  a  way 
that  the  kinetic  energy  corrections  were  negligible. 
The  intriiuic  viscosity,  ( i)] ,  of  PIMA  in  THF  was 
determined  by  extrapolation  of  the  reduced  specific 
vucouty  a^/c,  to  zero  polymer  concentration  ac¬ 
cording  to  the  Huggins  equation: 

1)/' ”  I’ll  +  *[i|)*c  +  •  •  •  (1) 

where  «  q/qg  with  q  and  qo  being  the  viscosities 
of  the  solution  and  solvent .( THF ) ,  respectively. 
Shown  in  Figure  1  are  plots  of  the  reduced  viscosity 
q«/r  as  a  function  of  polymer  concentration  c  ( in 
g/ml)  for  each  fraction  of  PIMA.  The  value  of  [ ;,] 
for  each  PIMA  fraction  was  obtained  by  extrapo- 


Figure  1.  Reduced  viscosity  plotted  veisus  concentra¬ 
tion  of  PIMA  in  THF  for  each  PIMA  sample  fractionally 
precipiuted  from  THF-H,0  mixture  at  25*C. 


lating  the  reduced  viscosity  to  infinite  dilution.  The 
values  of  (q]  at  25*C  are  listed  in  Table  I. 

The  glass  transition  temperature  T,  were  mea¬ 
sured  with  differential  scanning  calorimetry  ( DSC ) 

( Perkin  Elmer  DeIta-7  series);  the  beating  rate  was 
10°C/min.  The  T,  values  obtained  are  also  given  in 
Table  I.  For  the  T,  determination,  we  have  calibrated 
the  instrument  with  three  standards  indiomjjnslu. 
ing  temperature  T„  -  I56.60*C )  Css  ( ) 
and  Zn  (r„  -  419.47*C).  At  M,  -  2J5  X  10*  g/ 
mol,  T,  is  about  150.4*C,  and  it  increases  slightly 
with  M,  and  reaches  the  asymptotic  value  of  165°C 
at  high  A?,.  Our  result  for  T,  is  in  agreement  with 
Tatsukami  et  al.,'  but  is  considerably  higher  than 
the  value  of  110*C  given  in  polymer  Handbook.* 

The  static  and  dynamic  light  scattering  mea¬ 
surements  were  carried  out  with  a  Brookhaven 
Model  BI-200  SM  goniometer  equipped  with  a  BI- 
2030  correlator.  A  Spectra-Physics  Model  125  He- 
Ne  laser  at  X  •  632.8  nm  and  at  the  power  of  IS 
mW  was  the  light  source.  Decalin  was  used  as  a  re¬ 
fractive  index  matching  liquid.  The  sample  temper¬ 
ature  was  controlled  at  25  ±  0.1°C  for  all  experi¬ 
ments.  The  differential  refractive  index  increments 
at  632.8  nm  for  PIMA  in  THF  were  determined  to 
be:dn/dc  *■  0.108  cm*/g,  using  a  Chromatic  KMX- 
16  differential  refractometer.  The  refractive  index 
of  the  polymer  solution  was  measured  with  an  Abbe 
refractometer  (Reichert  Mark  II  model).  The  light 
scattering  spectrometer  was  calibrated  with  benzene 
for  which  the  Rayleigh  ratio  at  X  •  632.8  nm  is  12.6 
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Table  1.  Theraiodynamic  and  Hydrodj-namic  ParameteK  of  PIMA  in  THF  at  25“C 


^  A' 

R/mo} 

lal,  cmVg 

>  DoA'  l0‘i  em’/k  j  Rysam) 

y 

Lnni> 

A,  X  10*.  mol  ■  ml/g* 

Tg  (‘O 

Exp4.aa4iiL:iitai 

Tbeoretica] 

lA  2.15 

37.3 

5.98 

10.1 

13.8 

2.06 

2.27 

150 

63.8 

3.78 

16.0 

21.7 

1.79 

2.09 

153 

8S.5 

2.S3 

21.4 

29.0 

1.59 

1.96 

161 

10.7 

124 

2.21 

27.4 

36.7 

1.43 

1.78 

162 

O'"  ^  1^-7 

156 

1.90 

31.8 

43.3 

1.26 

1.48 

162 

201 

1.50 

40.3 

55.2 

1.16 

1.31 

163 

V'  32.7 

296 

1.18 

51.0 

71.3 

1.14 

1.24 

165 

X 10"*  cm"’ .’To  ascertain  the  light  scattering  restilt 
of  Jl?„  we  also  carried  out  static  light  scattering  ex¬ 
periments  of  PIMA  in  cyclohexane  ( CH ) .  Our  mo¬ 
lecular  weight  result  of  PIMA  in  CH  is  consistent 
with  that  previously  obtained  by  Hadjichristidis.^ 


RESULTS  AND  DISCUSSION 

Static  light  scattering  from  polymer  solutions  is  in¬ 
terpreted  according  to  the  relation’ 

~-(l/A?.-t-2A,c-f  •••) 

X(l-K,’«J/3-l-  •••)  (2) 

.  ,  ,,  4»’no(dn/dc)’ 

where  the  optical  constant  K  “  - r;-— 7 - , 

and  the  amplitude  of  the  scattering  vector  q  »  (4irn/ 
X)siii((/2).  Here  R,  is  the  Rayleigh  factor  at  scat¬ 
tering  angle  f  (the  solvent  contribution  is  subtracted 
out ) :  Jl?,  is  the  weight-average  molecular  weight,  A  j 
is  the  x-average  second  viral  coefficient,  c  is  the  con¬ 
centration  in  g/mL,  no  and  n  are  the  refractive  in¬ 
dices  of  the  solvent  and  solution,  respectively. 
is  Avogadro’s  constant,  and  X  is  the  wavelength  of 
the  incident  light  in  vacuum,  A,  is  the  2-average  ra¬ 
dius  of  gyration. 

Systematic  measurements  of  the  intensity  of  the 
Scattered  light  at  various  scattering  angles  and 
polymer  concentrations  were  carried  out  The  results 
obtained  for  one  molecular  weight  fraction  are 
shown  in  Figure  2  as  the  Zimm  plot*  From  eq.  (2) 
we  obtain  the  values  of  At,  and  R,  by  simul¬ 
taneous  extrapolation  of  Kc/A«  to  xero  scattering 
angle  and  to  infinite  dilution  in  the  Zimm  plot  The 
results  are  listed  in  Table  I  for  the  PIMA  samples 
with  different  molecular  weights.  The  intensity  ^ta 
are  reproducible  to  within  5%;  we  expect  the  A}„, 


At  and  R,  values  to  be  accurate  to  within  1 0%.  Over 
the  molecular  weight  range,  R,  (in  cml  varies  with 
molecular  weight  M,.  (in  g/mol)  according  to  (Fig. 
3} 

R,  =  9.51  X  10"”J^  (3) 

Shown  in  Figure  4  is  the  logarithmic  plot  of  the 
second  virial  coefficient  At  with  respect  to  the  mo¬ 
lecular  weight  ll?».  Over  the  molecular  weight  range 
studied,  Aj  decreases  with  increasing  molecular 
weight,  given  by  the  power  law  relation; 

Aa  =  3.66X  10-’Af;®’’(mol.  ml/g’l  (4) 

The  Mark-Houwink-Sakurada  plot  for  PIMA  in 
THF  is  presented  in  Figure  5.  The  power  law  rela¬ 
tionship  for  [i)]  versus  Af«  is 

(al  -  3.80  X  10"’A?;’‘*  (cmVg)  (5 1 


Figure  2.  Zimm  plot  of  the  light  scattering  intensity  of 
a  PIMA  fraction  in  THF  at  25*C.  Solid  circles  are  exper- 
imenul  data  and  empty  circles  values  obtained  by  ex¬ 
trapolation  to  uro  angle  and  tero  concentration. 
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Figures.  Root  mean  >quanradiu«or{yration  A,  from  Figures.  Mark-Houwink-Sakurade  plot  for  P1SL\  in 
light  aeattering  vemu  molecular  weight  Si,  power  law  THF  at  2S*C. 
plot  for  PIMA  in  THF. 


This  result  is  in  reasonable  agreement  with  that  by 
Hadjichristidis  et  al.” 

For  dynamic  light  scattering  the  time  correlation 
ftinctions  were  collected  in  the  bomodyne  mode  at 
various  scattering  angles.  The  homodyne  time  cor¬ 
relation  function  G(t)  for  the  dilute  PIMA/THF 
polymer  solution  is  analyzed  by  the  method  of  cu- 
mulants:’ 


-  In  6'^’  -  Ft  +  g,tV2  +  •  •  •  (6) 

where  A  is  the  baseline  and  6  is  the  contrast  factor. 
The  diOusion  coefficient  D,  at  the  concentration  c 
is  obtained  from  the  first  cumulant  according  to 

D.-Um  (7) 

r— « 


M. 

Figure  4.  Second  virial  coaScienc  A|  versus  molecular 
sreight  Si,  power  law  plot  for  PIMA  in  THF  at  25*C. 


When  r  is  the  decay  rate  constant  of  the  time  cor¬ 
relation  function.  The  fractional  standard  deviation 
is  related  to  the  first  and  second  cumulants  by 
r’,  which  is  found  to  be  negligible  for  the  present 
dilute  solutions  of  the  PIMA  sample,  indicating  that 
the  PIMA  sample  is  nearly  monodisperse. 

To  obtain  the  diffusion  coefficient  at  zero  polymer 
concentration  (or  self-diffiuion  coefficient)  D,,  we 
express  D,  as  ■>— * 

n.-D.(l  +  *oc)  (8) 

and  extrapolate  the  values  of  to  infinite  dilution 
and  obtain  D,  and  kg  values  (Fig.  6).  The  values  of 
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Figure  6.  Concentration  dependence  of  D  obtained 
from  extrapolation  of  D(q)  to  zero  angle  for  PlNtA  in 
THF  at  2S*C. 
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£).  are  listed  in  T able  I  for  different  molecular  weight 
PIMA  samples.  The  self-diffusion  coefficient  D,  de¬ 
creases  with  increasing  molecular  weight.  The  hy¬ 
drodynamic  radius,  Rh,  can  be  calculated  from  the 
Stokes-Einstein  equation: 


Do 


kT 

SxiioRh 


(9) 


where  k  is  the  Boltamann  constant,  T  is  absolute 
temperature,  i)o  is  the  solvent  viscosity,  and  Rh  is 
the  hydt  adynamic  radius.  The  hydrodynamic  radius, 
Am,  calculated  for  each  molecular  weight  is  also  listed 
in  Table  L  Over  the  range  of  molecular  weight  stud¬ 
ied,  Rh  ( in  cm)  is  found  to  vary  with  by 

-  7.6  X  10‘'*il?l"  (10) 


Within  the  experimental  uncertainty,  the  expo¬ 
nent  is  identical  to  that  associated  with  R,;  however, 
Rh  is  slightly  less  than  Rg,  with  Rg/Rn  *  1-36  over 
the  entire  molecular  weight  range  studied.  This  ratio 
is  to  be  contrasted  with  the  predicted  value  of  1.50 
for  monodisperse  flexible  coils  in  the  limit  ( infinite 
hydrodynamic  interaction).*^ 

The  concentration  dependence  kg  of  the  diffusion 
coeflScient  given  in  eq.  (3)  may  be  expressed  in  vol¬ 
ume  fraction  units  as 


kg  (11) 


where  Vh  ”  Jeff «.  In  Table  II  we  list  the  k%  values 
for  all  PIMA  samples  studied.  The  k%  values  range 
from  2.2  to  2.9,  with  2.6  as  the  average  value.  This 
result  is  in  reasonable  agreement  with  the  Yamafc- 
awa  prediction  of  2.2  in  the  good  solvent  limit.'* 
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In  the  good  solvent  limit  one  may  estimate  in 
terms  of  the  hard-sphere  value,  which  is  given  by 


yiut 


(12) 


Using  the  Rh  and  Mw  values  we  have  calculated 
Ai.  The  calculated  A]  values  together  with  the  ex¬ 
perimental  ones  are  listed  in  Table  I.  For  all  samples, 
the  hard-sphere  values  for  Ag  are  slightly  higher  than 
the  measured  ones,  with  Asftheo.l/Ajf  exp.)  «  1.165, 
averaging  over  seven  samples.  The  result  shows  that 
thermodynamically  as  well  as  hydrodynamically 
PIMA  in  THF  behaves  qualitatively  as  a  hard  sphere 
cf  radius  Rh,  this  result  is  also  observed  for  poly¬ 
styrene  and  other  flexible  polymers  in  good  sol¬ 
vents.'* 

The  various  parameters  obtained  thus  far  allow 
the  calculation  of  the  Mandellcem-Floty-Scheraga 
parameter  $  and  the  ratio  x 


and 
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where  [  f  ]  >  GxRh  is  the  intrinsic  frictional  coeffi¬ 
cient.  The  results  are  listed  in  Table  II.  The  mean 
experimental  value  for  fl  (“2.17  X  10*  mol"''*)  is 
in  better  agreement  with  the  calculation  of  Douglas 
and  Freed"  (2.16  X  10*  mol"'^*)  than  with  that  of 
Oono'*  or  Barrett '*(2.4  X  10*  moC'*).  The  average 
value  of  r  is  1.24,  which  is  close  to  the  value  of  1.21 
obtained  for  polyisobutylene  in  cyclohexane.'* 

The  Flory-Fox  viscosity  parameter"  4  and  the 
interpenetration  function  ♦  are  given  by'* 
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Tmbl«  n.  Solution  Paramtten  of  PIMA  in  THF  at  25”C 
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may  also  be  used  to  assess  the  flexibility  of  the  chain. 
Using  the  values  given  in  Table  I  for  ( s)42.  and 

Rf,  we  have  calculated  ^  and  They  are  listed  in 
Table  II.  The  average  value  of  4  parameter  is  1.87 
X  10®/mol,  which  is  smaller  than  the  Flory  viscosity 
constant  of  2.50  X  10”/mol  with  infinite  hydrody¬ 
namic  interaction.'®  However,  the  Flory  viscosity 
constant  >s  expected  for  ideal  chains,  or  flexible 
chains  in  the  theta  condition.'®  It  has  been  found 
that  in  the  polystyrene /cyclohexane  systems,  the  ^ 
parameter  tends  to  decrease  from  the  ideal  value 
with  an  increase  in  temperature  from  the  $  point 
35.4®C.'®  Our  **  0.75  ratio  lies  between  the  cal¬ 
culation  of  Dougins  and  Freed  (0.89)"  and  by 
Oono"  (0.707).  Thus,  if  the  viscosity  constant  ^ 
is  corrected  for  the  good  solvent  condition,  and  R, 
rather  than  R,  is  used  in  the  calculation  of  it  is 
expected  that  better  agreement  would  be  obtained 
between  theoiy  and  experiment 
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